In the light of recent measurements of the C 1s core level dispersion in graphene [Nat. Phys. 6, 345 (2010)], we explore the interplay between the elastic scattering of photoelectrons and the surface core level shifts with regard to the determination of core level binding energies in Au (111) and Cu3Au(100). We find that an artificial shift is created in the binding energies of the Au 4f core levels, that exhibits a dependence on the emission angle, as well as on the spectral intensity of the core level emission itself. Using a simple model, we are able to reproduce the angular dependence of the shift and relate it to the anisotropy in the electron emission from the bulk layers. Our results demonstrate that interpretation of variation of the binding energy of core-levels should be conducted with great care and must take into account the possible influence of artificial shifts induced by elastic scattering.
I. INTRODUCTION
The general assumption of non dispersing core levels is only valid for fully localized states, but due to the continuous nature of the electronic wave function, the orbitals of core levels can exhibit weak hybridization even for binding energies of up to a few hundred eV. This has been demonstrated for gaseous molecules like C 2 H 2 1 and N 2 2 and in recent measurements on graphene by Lizzit et al. 3 who were able to determine the bandwidth of the C 1s core level to be 60 meV. The corresponding theoretical prediction from ab initio calculations support the claim, that these orbitals are not completely degenerated.
To resolve the dispersion of core levels and the size of the Brillouin zone in solids with x-ray photoelectron spectroscopy (XPS), high angular and energy resolutions are necessary. In addition to that, there exist two mechanisms that introduce a broadening into the measurement. These are the quasi elastic scattering of the photoelectron with the atoms of the crystal 4, 5 as well as the influence of phonons on the photoemission process 6, 7 . A third factor which has not been considered until now and that can introduce a systematic error to the measurement of the dispersion in core-level binding energies is introduced in this paper with the demonstration of an angular dependent artificial shift, created by the existence of unresolved energetically shifted surface core levels.
The surface core level shift (∆E SCLS ) describes the energy shift between the core levels attributed to the bulk and the surface of a crystal 8 . It arises from a combination of initial 9 and final state 10 effects. The non continuous charge distribution and the reduced number of neighbouring atoms at the surface of the crystal can change the coulomb potential in the topmost layers with respect to its bulk value. This leads to a shift in the core level binding energies of the surface atoms. In addition to this, interactions between the photoelectron and a partially screened photohole, that is created during the photoemission process, will also influence the surface core level shift. Measurements on noble metal films 11 , 5d metals 12 graphite 13 and rare-earth crystals 14 have shown that the displacement between bulk and surface core levels can be positive as well as negative and possesses an amplitude of up to several hundred meV. 
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Figure 1: a) Contribution to the scattering amplitude from the surface atoms (light grey) and the bulk atoms (dark grey). Closed packed directions in the bulk change the scattering amplitude for different emission angles. The contribution from the surface layer remains almost constant up to grazing emission. b) A typical 2 π angular scan in stereographic projection with intensity anisotropy due to scattering of photoelectrons. The high symmetry directions are visible as forward focusing peaks (points), while high symmetry planes in the bulk manifest themselves as Kikuchi bands (lines). Normal emission is plotted at the center while the black circle corresponds to emission at grazing angles. Maximum and minimum intensity corresponds to white and black, respectively.
It is important to note that at kinetic energies above 500 eV the strong anisotropy in the individual electronatom scattering leads to a focusing of electron flux along directions pointing from the emitting atom to the scatterer (Fig. 1 a) 15 . This effect is also known as x-ray photoelectron diffraction (XPD). In 2π angular XPD patterns ( Fig. 1 b) high symmetry directions as well as low index lattice planes can be identified through forward focusing peaks and Kikuchi lines. Both structures are used to provide local information about the atomic structure near the surface [16] [17] [18] . In this work we focus on the influence of the elastic scattering of photoelectrons on the binding energy of core levels. We demonstrate a correlation between the binding energy and the emission intensity of the core level and propose a mechanism that explains the angular dependence of core level binding energies.
II. EXPERIMENT
All measurements were performed with an upgraded SCIENTA SES 200 analyzer, allowing for multiple angle parallel detection, using a non-monochromatized MgK α (hν = 1253.6 eV ) x-ray anode as excitation source. A computer controlled 5-axis manipulator allows rotations of the sample along the polar and azimuthal directions with a precision of 0.1°and 0.2°, respectively. The angular acceptance of the entrance hole was 2.4°. The energy steps of the spectra were set to 19 meV for the 2π angular scans and to 50 meV for the other measurements. All spectra were taken at room temperature with parallel detection in angle and energy. During the measurement, the pressure in the chamber did not exceed 2×10 −10 mbar. The crystals were prepared with multiple sputter and annealing cycles. The sputtering acceleration voltage was set to 1.5 kV and the incident angle of the argon ions was chosen to be 65°off normal while the sample was rotated.
To determine the influence of the elastic scattering of photoelectrons on the binding energy of core levels, we have chosen the Au 4f doublet of the Au(111) and Cu 3 Au(100) surfaces, as they exhibit a relatively large surface core-level shift (Au(111): ∆E SCLS = 0.35 ± 0.01 eV 19 and in the case of Cu 3 Au(100): ∆E SCLS = 0.5 ± 0.05 eV from the works of DiCenzo et al. 20 and ∆E SCLS = 0.41 ± 0.01 eV 21 ). Also, the surface preparation and properties of the Au(111) herringbone reconstruction 22, 23 as well as the Cu 3 Au(100)-c(2x2) surface reconstruction [24] [25] [26] are well documented. The annealing temperature of the Au crystal was set to 600°C in order to obtain the herringbone surface reconstruction. The Cu 3 Au was heated up to 450°C and cooled down within several hours across the transition temperature (T C = 390°C) to obtain the c(2x2) reconstruction. The pressure never exceeded 8×10 −10 mbar. After each preparation cycle, the surface order and cleanliness were tested with LEED and XPS measurements, respectively.
III. RESULTS
Two spectra (Fig. 2) of the Au 4f doublet on Au(111) were taken at the same polar angle, but at two different azimuthal angles. While one was measured in a direction that coincides with a low index crystal direction, the other spectrum was measured 12°away from that symmetry point. The energy broadening of the Au 4f peak allows to approximate its shape with a Gaussian profile including a constant background. Fitting the two Au 4f 7/2 peaks with this profile gives a shift of ∆E B = 40 ± 5 meV between the binding energy of the two spectra. Considering the relatively high electron energies and the broadening inherent to the XPS experiment here, it is clear, that the shift cannot by attributed to a dispersion induced by weakly hybridized Au 4f core levels.
To determine the angular dependence of the shift in the spectra of Au(111), a 2π solid angle emission scan of the Au 4f doublet was measured. The intensity of the electron emission was recorded as a function of the core level binding energy E B , the polar angle Θ and the azimuthal angle Φ, generating a complete set of energy spectra as a function of the emission angles. In addition to that a polar angle was chosen, were a high resolution azimuthal scan was performed. The resulting spectra I (E B , Θ, Φ) were fitted in energy with a Gaussian profile, including a constant background. To test the stability of the fit, an increased fitting interval as well as a fixed width for the Gaussian profile were implemented into the fit without changing the quality of the results. In addition, the same behavior was found for the Au 4f 5/2 peak or upon using a Voigt profile with a nonzero Lorenzian component or a Shirley type 27 background. To increase the contrast of the anisotropy in the peak height h(Θ, Φ) and the binding energy shift ∆E B (Θ, Φ) of the Au 4f 7/2 peak a smooth background was subtracted from each dataset. The resulting diffraction pattern are plotted in a stereographic plot (Fig. 3 a) . Comparison of the height and binding energy shows that the main features in the scattering anisotropy, i.e., the forward focusing peaks as well as the Kikuchi lines, are clearly visible in both height and binding energy. Even fine structures of the anisotropy are replicated in the binding energy as it can be seen in the data from the high resolution azimuthal scan (Fig. 3 b, arrows) . As all of these features correspond to electron diffraction induced by the bulk ordering of low index closed packed crystal directions and planes a bulk mediated effect can be proposed.
The binding energy of the Au 4f 7/2 exhibits a decrease of several 100 meV in the untreated data while changing the polar angle from normal to grazing emission. This shift is proportional to 1/ cos Θ and can be interpreted as an increased ratio between the emission from surface and bulk core levels caused by the finite electron mean free path. Even though this variation is only dependent on the polar angle, it suggests that the surface core level shift plays a role in the original observed shift shown in Fig. 2 . To support this hypothesis, the Cu 3 Au(100) alloy was chosen for further measurement, as it exhibits a larger surface core level shift and should therefore exhibit a larger amplitude in ∆E B during the azimuthal scans.
The same 2π angular scan and a corresponding high resolution azimuthal scan were performed for the Cu 3 Au compound. The correlation between the peak height h(Θ, Φ) and the binding energy E B (Θ, Φ) of the Au 4f 7/2 peak (Fig. 4 a and b) is similar to the results found for Au(111). A comparison between the maximum amplitude of the shift ∆E B for Au(111) (∆E B ≈ 40 meV , Fig.  3 b) and Cu 3 Au(100) (∆E B ≈ 90 meV , Fig. 4 b) supports the proposed influence of the size of the surface core level shift on the amplitude of the angular dependence in the binding energy shift. Fig. 3 a) for Cu3Au(100). b) As Fig. 3 b) for Cu3Au(100) with Θ = 58°.
IV. MODEL
This dependence of the binding energy on the emission angle can be understood if the different scattering amplitudes between photoelectrons from the surface and bulk components are considered. We propose a simple model (Fig. 5 a) , that by considering the Au 4f 7/2 peak as a sum of a surface and a bulk component, can describe the measured azimuthal dependence of ∆E B . The model peak consists of two Gaussian peaks with identical width (σ = 1.3 eV ), corresponding to our experimental broadening. We assume that the measured anisotropy in the azimuthal scan (Fig. 4 b) is caused entirely by the angular dependence of the scattering of the bulk component. The mean surface to bulk ratio (S/B = 0.55) for an emission angle of Θ = 58°on Cu 3 Au, was calculated from the results of DiCenzo et al. 20 . To account for the uncertainty of the binding energy separation between the surface and the bulk component, two sets of fits were performed using values for ∆E SCLS corresponding to the upper (∆E SCLS = 0.55 eV 20 ) and lower (∆E SCLS = 0.40 eV 21 ) limit of the literature values for the surface core level shift of Cu 3 Au. The variation in the fit between the two values is visualized through a confidence band in the plot.
The resulting composite peak was fitted with a Gaussian profile, in the same manner as the measured data and the binding energy shift was plotted as a function of the azimuthal angle. In Fig. 5 b (top) the dependence of the calculated binding energy (grey band) is compared to the experimental results (red). The model predicts a shift ∆E B , which is larger than the experimental results. This can be corrected by relaxing the oversimplified assumption of a Gaussian profile with a constant peak width. Note also that, using a Voigt Profile instead of a Gaussian does not change the overestimation of the binding energy shift.
A good agreement between the model and the experiment can be achieved if the width of the Gaussian peak corresponding to the bulk emission is allowed to vary ( Fig. 5 b, bottom) . A possible mechanism that would lead to a variation of the peak width is the increase of the information depth through electron diffraction. Along directions were forward focusing takes place, the electrons contributing to a core level spectra will on average be emitted from a greater depth and travel a longer path through the solid, thus increasing the inelastic losses of the photo electrons. Another possible source for a peak broadening is the change in cross section for scattering events with the atoms in the closed packed directions, leading to an increase in quasi elastic losses.
In a first order approximation, the broadening is assumed to scale linearly with the intensity variation of the bulk peak. This can be reasoned by comparing the information depth with the emitted intensity, which both scale with the mean free path. The gain in the intensity that is created through the forward focusing, will increase the mean depth from where electrons are emitted and therefore increase the possibility of occurrences of processes that involve energy loss. This approximation is still applicable, if the defocusing of photoelectrons through multiple scattering events in forward focusing directions [28] [29] [30] is taken into account, as it effectively introduces a scaling factor to the intensity emitted in forward focusing directions.
If a linear dependence of the bulk peak width on the bulk anisotropy is implemented into the model (σ(Φ) = σ 0 h(Φ)/h 0 , with σ 0 and h 0 being the average peak width and height, respectively) and the resulting composite peak is again fitted in the same way as described above, the calculated confidence band for the binding energy shift (Fig. 5 b (bottom) ) coincides with the results from the experiment.
The amplitude of the shift ∆E B is comparable to the predicted and measured bandwidths, created through the hybridisation of partially hybridized states 3 . In experiments that probe the dispersion of such states, it is possible that an artificial shift as described above, induces a systematic error.
In the absence of an unresolved surface core level, a shift will nonetheless be present if at least two energetically separated lattice sites for the same element exist and if the coordination of those sites inside the lattice leads to distinct electron scattering patterns. In that case, the anisotropic electron emission and the correlation between the intensity of the core level emission and its binding energy, would be even more complicated.
Even in the case of measurements on systems as simple as monolayers, the emission from two differently coordinated sites within the layer (i.e., C 1s in graphene with partial H adsorption 31 ) should lead to a shift through multiple scattering within the layer and with the substrate atoms. However, as the extend of the scattering of such processes is usually weak compared to bulk mediated scattering, the amplitude of such shifts is expected to be weaker as well.
V. CONCLUSION
We have demonstrated that the emission angle dependent shifts in the binding energy of the Au 4f 7/2 core level, that were observed on Au(111) and Cu 3 Au(100) surfaces, can be explained by a simple mechanism based on a peak composition that includes an energetically unresolved surface core level. Our model uses the surface core level shift, the intensity ratio between the surface and bulk emission, the overall peak broadening and the diffraction of photoelectrons emitted from bulk lattice sites. It is able to explain the shift in binding energy between measurements at different emission angles and its correlation to the emission intensity.
The measured shifts are qualitatively described by a model that assumes a constant width for the bulk contribution. However, if a dependence of the peak width to the anisotropy of the emission is introduced, the experimental results and the calculated values match within the error range.
